Abstract: This paper investigates the existence of the Kuznets curve in industrial water use. The result shows that industrial water use in most countries in the Organization for Economic Cooperation and Development ͑OECD͒ has experienced an increase, followed by a leveling off and then a decrease to some extent as income rises. The relationship between changes in industrial water use and income appears to comply with the environmental Kuznets curve, i.e., an inverted U-shaped curve seen in the relationship between income changes and environmental quality. It is found that the income threshold corresponding to the turning point of industrial water use varies across the OECD countries with a majority falling in the range of 10,000 United States dollars ͑USD͒/capita-25,000USD/capita ͑1995 constant prices͒. Further examination suggests that decrease in the share of the secondary industry in the national economy is a precondition for the stabilization and decline in industrial water use. In the OECD countries, the share of the secondary industry in total GDP was around 40% at the turning point of industrial water use. The verification of the existence of the Kuznets curve relationship in industrial water use and the identification of the share of the secondary industry in total GDP corresponding to the turning point help in projecting the scale of future increase in industrial water use in developing countries.
Introduction
Water scarcity is becoming increasingly severe in many countries in the world. The World Water Council ͑Cosgrove and Rijsberman 2000͒ estimated that currently about 40% of the world population is faced with water shortages. By 2025, the figure will increase to 50%. Most of the water-stressed people live in developing countries. It has been a common view that water stress in developing countries will escalate in both magnitude and geographical scope in the coming years ͑Gleick 1998; Rosegrant et al. 2002; Vörösmarty et al. 2000; Alcamo et al. 2003; Yang et al. 2003͒ .
Population growth and economic development are the two major driving forces of water demand. In developing countries, the rapid population growth together with an eagerness to develop the national economy, typically through industrialization, has generated a strong demand for additional water. This situation has been the basis underlying many projections of a substantial expansion of industrial water use ͑Zhang 1999; United Nations Environmental Program 2002; Clarke 2003͒. The large increase in industrial water use will put greater pressure on these countries' water resources and financial sources because of the need for investing in water supply facilities. It has been evident that in many countries, the competition for water resources has led to a continuous transfer of agricultural water to industries and domestic/municipal uses. This has exacerbated the water stress in agricultural production, and thus, is detrimental to food security ͑Rosegrant et al. 2002͒ .
Apart from quantity concerns, increasing industrial water use also imposes negative impacts on the environment. Industrial wastewater is one of the main causes of natural water pollution and environmental degradation. This is because a large part of water intake becomes wastewater after being used for industrial activities. In developed countries, the treatment of wastewater costs a huge amount of financial resources and energy. In developing countries, wastewater is often released with only partial treatment or without treatment at all. The pollution resulting from the water use constitutes a problem for sustainable development ͑Canas et al. 2003͒ . For this reason, it is important to limit the input of water in the national economic development. The grow-ing scarcity in water resources only heightens such importance.
While the increase in industrial water use is a trend evident in many countries, it is also observed that industrial water use in some developed countries has experienced an increase, leveling off, and then a decrease when the economic development and income rises ͑Liu and He 1996; Jia and Kang 2000; Jia 2001b; Alcamo et al. 2003͒ . This inverted U-shaped trend resembles the well-known environmental Kuznets curve ͑EKC͒. Prior to this study, however, there has been no systematic investigation into changes in industrial water use associated with the process of industrialization. It remains a question as to whether the EKC's paradoxical relationship generally exists between industrial water use and the economic development.
The Kuznets curve was first used to describe the relationship between economic growth and income inequality. It shows that as per capita income rises, income inequality widens at first, followed by a turning point, and then narrows down ͑Kuznets 1955͒. In the 1990s, economists reported a systematic relationship between income changes and environmental quality, known as the environmental Kuznets curve. Since then, many studies have been devoted to verifying the existence of the EKC by both empirical data and economic theories ͑Grossman and Krueger 1991 ; Lopez 1994; Shafik 1994; Martinez-Alier 1995; Panayotou 1995; Munasinghe 1999; Pasche 2002; Bruvoll and Medin 2003; Canas et al. 2003; Cole 2004; Groot et al. 2004͒ .
Empirical studies of the EKC have focused on two critical topics: whether a given indicator of environmental degradation displays an inverted U-shaped relationship with per capita income; and the identification of the threshold where environmental quality improves with rising per capita income ͑Barbier 1997͒. In this study, we focus on the following questions: does an inverted U-shaped relationship generally exist between industrial water use and the level of income? If so, where is the turning point of industrial water use? And, what are the preconditions for the decline? Based on the results from the analysis of the Organization for Economic Cooperation and Development ͑OECD͒ countries, preliminary projections will be made for developing countries on the scale of potential increment in industrial water use before reaching the turning point.
It should be pointed out that the definition of industrial water use varies to some extent among different data sources. In this study, industrial water use follows the definition by Shiklomanov ͑2000͒, which includes the water used for cooling, transportation, and wash, as a solvent, and as an ingredient of finished products. It does not take into account the discharge after the use in one industrial activity, which may be used by other users. Water use for hydropower generation is also excluded. This definition is essentially concerned with the water withdrawal.
The corresponding industrial sector refers to the secondary industry in the national GDP accounting. The sector includes mining and quarrying, manufacturing, thermal power generation, water and gas production and supply, and construction. It covers mostly the traditional industrial activities in which water is one of the important inputs. The primary industry which concerns mainly agriculture and the tertiary industry which refers to services and the IT sectors are not in the scope of industries defined in this study.
Unless otherwise specified, the data for industrial water use are from the World Resources Report of the World Resources Institute ͑1995, 1998 ͑1995, , 1999 ͑1995, , 2000 ͑1995, , 2001 
Observations of Inverted U-Shaped Curve in Industrial Water Use in OECD Countries
After World War II, many western countries had experienced a rapid economic growth and a substantial improvement in incomes. An observation of several developed countries found that their industrial water use had changed alongside income increases. Fig. 1 shows the situation in the United States, Japan, the United Kingdom, and the Netherlands. A relationship described by the Kuznets curve can be observed for all the four countries. With the rise in per capita GDP, industrial water use increased first and then reached a climax. Afterwards, it declined in varying degrees.
The income threshold corresponding to the peak industrial water use, however, varies in the four countries. In the United States, the threshold was about US$21,000/capita ͑unless otherwise specified, all the GDP figures in this study are adjusted to 1995 constant prices͒. In the United Kingdom, it was around US$14,500/capita. The figures in Japan and the Netherlands were around US$25,000/capita and US$18,500/capita, respectively. This situation suggests that there is no unique income threshold that corresponds to the turning point of industrial water use in different countries.
The initial findings encouraged us to investigate further whether or not the Kuznets curve relationship generally applies to all developed countries during the process of industrialization. By examining the trend in the OECD countries, the answer appears to be positive. Except for a few less developed countries, industrial water use in other OECD countries has followed the trend of increase, leveling off, and then decrease with income rises during the past 3-4 decades. Fig. 2 shows the peak per capita industrial water use and the corresponding per capita GDP in the OECD countries ͑excluding Turkey, Mexico, and Slovakia due to data inconsistency in different sources͒. Two features can be observed. The first is that the GDP per capita corresponding to the turning point of industrial water use varies widely. For a majority of the countries, GDP per capita at the turning point falls in the range of US$10,000 to US$25,000. This again suggests that there is no unique income threshold corresponding to the peak industrial water use across countries. The second feature is that the peak volume of industrial water use per capita varies substantially in different countries. In the United States, it is around 1,500 m 3 /capita. The figure for Australia is merely 50 m 3 /capita. This implies that the actual industrial water use per capita is highly related to country specific conditions.
Statistical Tests of Industrial Water Use Kuznets Curve
A standard EKC model is expressed as a quadratic function of the level of income ͑Stern 2004͒. We apply this model to statistically verify the Kuznets curve relationship between industrial water use and income observed in the OECD countries. In the literature, a cubic function of the EKC model is also commonly tested to examine whether the pollution will increase again after the initial decline, i.e., an N-shaped EKC ͑Canas et al. 2003; Groot et al. 2004; Stern 2004͒ . As our interest is to verify the existence of 
where IW t ϭtotal quantity of industrial water use ͑million meter 3 ͒ in year t; Y t = GDP per capita ͑1,000 USD/capita͒ in year t; e t ϭ error term; and a 0 , a 1 , and a 2 = parameters to be estimated. The values of the parameters, if the EKC hypothesis is valid for industrial water use, should be for a 1 positive and for a 2 negative. The GDP per capita at the turning point of industrial water use can be found by differentiating Eq. ͑1͒ and setting it to zero
For individual countries, the available data for industrial water use are discrete with varying time intervals over the period . Several countries have only a few observations available during this period. Meanwhile, the data for some Eastern European countries are inconsistent over the years due to changes in political systems and territory boundaries. Regressions for these countries do not give meaningful results. We excluded these countries in the analysis. The estimating results for 20 OECD countries are provided in Table 1 . Parameters a 1 and a 2 for all the countries, except for Finland, appear to have signs complying with the EKC hypothesis: a 1 is positive and a 2 is negative. The t-test values are statistically significant at 5-10% level for most of the estimates. R 2 ͑and adjusted R 2 ͒ values suggest a relatively good fit of the model for most of the countries. For Finland, the available data cover only the period from 1978 to 2002. The wrong signs of the parameters are caused by a downward trend in industrial water use during this period. This implies that the peak industrial water use in Finland occurred prior to 1978. The regression results provided in Table 1 in general support the existence of the Kuznets curve relationship between industrial water use and income. For most of the countries, the GDP threshold at the turning point falls between US$10,000/capita and US$25,000/capita. This is consistent with the observations in Fig. 2 . It is, however, noted that both intercepts ͑a 0 ͒ and slopes ͑a 1 and a 2 ͒ of the industrial water use the Kuznets curve varying according to country. The results suggest that although the EKC relationship between industrial water use and GDP per capita holds for the countries observed, the actual pattern of the curve is country specific. Because of the wide range of income threshold, an average GDP per capita in the OECD countries is of little use for predicting the turning point of industrial water use in developing countries.
In order to test whether or not the relationship between the GDP per capita and industrial water use suggested by the above regression results is in fact the relationship between time and industrial water use, which could happen in time-series analyses, a time dummy variable represented by year was included in the regression for testing. The result rejects the hypothesis of the existence of a significant relationship between time and industrial water use. The t-value of the year dummy variable is mostly statistically insignificant, while the other parameters remain more or less unchanged in the regression.
It should be pointed out that panel data ͑or longitudinal data͒ analysis has been widely applied in the EKC modeling. Panel data analysis can enhance the data quantity and quality and increase the degree of freedom in the regression ͑Gujarati 2003͒. In this study, the panel data approach was attempted in investigating the industrial water use of the Kuznets curve. A series of regressions were performed using different estimation methods ͑fixed and random effects for country and for country and time, etc.͒ and data transformations ͑logarithm, standardized GDP per capita across countries, total industrial water use, per capita industrial water use, etc.͒. The results, however, were in general statistically insignificant for the estimated parameters, with R 2 being mostly below 0.2. This is more or less expected. As shown in the regressions for individual countries ͑Table 1͒, the GDP per capita corresponding to the turning point of industrial water use varies widely across countries. The coefficients of independent variables also differ, indicating that the slopes of industrial water use by the Kuznets curve vary according to country. A panel data model that assumes the same slopes as the Kuznets curve and thus a common turning point of industrial water use for all the countries cannot ͑and also should not͒ derive statistically significant estimates. This result suggests a need for caution in applying panel data for EKC modeling in cross-country studies. ͑More detailed reports on the regressions with a time dummy variable and on the panel data analysis are available from the writers on request.͒
Upgrade of Industrial Structure and Changes in Industrial Water Use
The classical EKC theory explains the income-pollution relationship by two major factors: ͑1͒ the structural change to service and information-based economic activities which are less pollution intensive than physical production; and ͑2͒ the growing ecological efficiency of production and consumption by means of a "greening" technical progress ͑Yandle et al. 2004͒ . Concerning the decline in industrial water use in the OECD countries, studies have shown that it is due largely to the efficiency improvement within the industrial sector and the economic structure adjustment ͑European Environmental Agency 1999; Jia and Kang 2000; Jia et al. 2003͒ . The latter is dominated by a shift of the importance in the national economy from the secondary industry to the tertiary industry that uses much less water for per unit value of product. Table 2 shows the share of the secondary industry in total GDP at the peak industrial water use and the peak share of the secondary industry in the OECD countries. The years corresponding to the peaks are also provided. Two points can be drawn.
First, the share of the secondary industry in total GDP at the turning point of industrial water use ranges between 35 and 45% in most of the OECD countries. This range is much narrower than the GDP per capita threshold at the turning point of industrial water use. Hence, the share of the secondary industry in total GDP has a better prognostic function than the GDP per capita threshold for projecting the peak industrial water use.
Second, the peak industrial water use lags approximately 5-10 years behind the peak share of the secondary industry in total GDP in most of the countries. This may be because the absolute scale of the secondary industry continues to expand after the share of the sector peaked. Additional water would be needed until the improvement of water use efficiency in the sector is able to offset the marginal increase in water use associated with the sectoral expansion. As for the length of the lag, it appears that the countries where industrialization took place later tended to have a shorter time lag than the early industrialized ones. For example, the share of the secondary industry in the United States and the United Kingdom peaked in the early 1960s. It took the two countries about 20 years to reach the turning point of industrial water use. In contrast, industrial water use in Korea and Spain reached the turning point only several years after the share of the secondary industry peaked. This situation indicates an acceleration of the industrialization process and structural upgrade over the years. The countries that industrialized later could benefit directly from the experience and technologies of the early industrialized countries. In view of this trend, it can be expected that the time lag will be generally shorter for developing countries to reach the turning point. This renders the share of the secondary industry in total GDP a useful indicator for projecting the peak industry water use in developing countries.
Where Are Positions of Developing Countries on Path of Industrial Water Use?
While industrial water use in most developed countries has been stable or declined, most developing countries have seen a continued expansion in industrial water use in association with the industrialization and the population growth. A question that arises is how much more water will be needed in the industrial sector in developing countries before reaching the turning point. A comparison with the trend in the OECD countries may provide some insights. Fig. 3 plots industrial water use per capita and the GDP per capita in the OECD and non-OECD countries ͑predominantly developing countries͒ in 2000. It can be seen that there is a close relationship between GDP and per capita industrial water use ͑in logarithmic form͒ in low income countries. This suggests that the economic growth in low income countries relies largely on material expansion, including the increasing use of water. The linkage tends to be loose in the OECD countries, especially above a certain level of income ͓e.g., log͑GDP/per capita͒ Ͼ3.5͔, implying that the income increase becomes less dependent on material expansion at the later stage of the economic development. It is also seen that there is a large gap between the OECD countries and the non-OECD countries in the level of industrial water use. Most non-OECD countries have industrial water use below 100 m 3 /capita, in contrast to most OECD countries of around 300 m 3 /capita. Hence, should developing countries follow the path of developed countries in industrialization, their industrial water use would have to increase substantially. Bearing in mind that industrial water use for the OECD countries shown in Fig. 3 are the "postpeak" volumes, the potential increase in developing countries would be even larger before reaching the turning point.
Scale of Increment in Industrial Water Use in Developing Countries
As both the GDP per capita threshold and the peak industrial water use vary largely in the OECD countries, it is not appropriate to use their average values to project the potential increase in industrial water use in individual developing countries. Noting the narrow range of the peak share of the secondary industry in total GDP at the peak industrial water use among the OECD countries, the average share of the secondary industry in total GDP at the peak is applied for the projection. This essentially assumes that the share of the secondary industry in total GDP in developing countries will be around 40% ͑Table 2͒ when their industrial water use reaches the turning point. The available data for industrial water use in most developing countries are incomplete. Some countries only have a few years of data. This makes it difficult to apply rigorous models to project the peak industrial water use in these countries. We simplified the estimation by assuming a linear relationship between changes in industrial water use and the share of the secondary industry in total GDP prior to the turning point. This way of estimation ignores the actual path of increases in industrial water use, but is interested only in the peak point that industrial water use will reach. Because of the crudeness of the available data, the estimated peak volume of future industrial water use in developing countries should be viewed as a rough approximation.
Under the assumption of linearity, the relationship between industrial water use and the share of the secondary industry in total GDP can be expressed as
where IWϭtotal industrial water use in million meter 3 ; aϭslope; SSIϭshare of the secondary industry in total GDP; and subscripts 0 and t denote the base year and year t, respectively.
The slope a for each country is estimated using Eq. ͑5͒. The data for industrial water use and share of the secondary industry in total GDP in each country are from the same sources as in Table 2 . Industrial water use at the peak is then extrapolated as
Setting the peak share of the secondary industry in total GDP at 40% for individual countries, the turning point of industrial water use can be calculated using Eq. ͑6͒. Due to the different size of countries, the absolute volumes of industrial water use differ largely among them. The estimated increase is, thus, given as a percentage of the industrial water use in year 2000 for each country. The result is shown in Fig. 4 . The countries considered are ranked according to the percentage increase in industrial water use. The names of the countries ͑and the corresponding country codes͒ and the projected percentage increase in industrial water use are provided in Table 3 .
On average, industrial water use in developing countries will more than double before reaching the turning point. The actual gap varies largely in individual countries. For many countries, the increase will be severalfold. This not only means a need for large investment in the infrastructure for water supply and wastewater treatment, but also a greater pressure on water resources, especially in water scarce countries. Given the intensification of water scarcity, let alone the financial constraint, it would be difficult for water scarce countries to meet the increased industrial water demand of such scale. It is, therefore, important for these countries to seek alternative ways of water use in order to reduce the demand for additional water in the process of industrialization. Fig. 4 only includes the developing countries where the share of the secondary industry in total GDP is below 40%. It is worth noting that in some developing countries, such as China and Malaysia, the share of the secondary industry in total GDP has exceeded this level. A close look at their industrial water use reveals that the increase in the later years has been slow. In China, for example, the total volume of industrial water use has been rather stable since the late 1990s ͑Ministry of Water Resources of China 2004͒. For some large cities, such as Beijing, industrial water use has more or less unchanged since the 1980s, whereas the total GDP quadrupled ͑Jia 2001a; Jia et al. 2003͒ . In Malaysia, the available data also suggest a relatively small change in industrial water use in recent years. This situation supports the finding that the peak share of the secondary industry in total GDP is a pertinent indicator for predicting the peak industry water use.
Concluding Remarks
This study investigated the Kuznets curve relationship between industrial water use and income in the OECD countries. The eco- The examination shows that industrial water use has experienced an increase, leveling off, and then decrease with income rises in most OECD countries. Statistical tests using multiple regression techniques supported the results derived from the visual observation. Therefore, the relationship between industrial water use and income can be displayed with the Kuznets curve.
The income threshold corresponding to the turning point of industrial water use in the OECD countries ranges widely with a majority falling between US$10,000/capita and US$25,000/ capita. In contrast, the variation in the share of the secondary industry in total GDP at the turning point of industrial water use is rather narrow, between 35 and 45%.
The verification of the existence of the industrial water use Kuznets curve helps the prediction of the scale of future increase in industrial water use in developing countries. With the GDP growth and the economic structural upgrade, their industrial water use will eventually reach a peak. Nevertheless, a large gap is found between the current industrial water use and the projected peak industrial water use in developing countries. The results suggest an importance for developing countries to search for alternative ways of water use to reduce the demand for additional water in the process of industrialization.
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